Introduction
During the Cretaceous, the northeast of Iberia underwent an important geodynamic event linked to ocean-floor spreading in the North Atlantic: the V-shaped Bay of Biscay opened, leading to ca. 35°of counterclockwise rotation and consequent separation of Iberia with respect to Europe [Bullard et al., 1965; Carey, 1958; Choukroune, 1992; Gong et al., 2008; Sibuet et al., 2004; Van der Voo, 1969] . This event has attracted considerable interest: the debate is fuelled by the fact that the main rotation of Iberia occurred between magnetic anomalies M0 and A34 (base of the Aptian and Santonian, respectively, according to the recent geologic timescale by Walker and Geissman [2009] ) during the Cretaceous Normal Superchron, and hence, no reliable sea-floor magnetic anomalies exist to document the intermediate stages of the process [e.g., Vissers and Meijer, 2012a] . Furthermore, there is a discrepancy between plate-kinematic models and the geological record in the Pyrenees, so the kinematics of opening of the Bay of Biscay and related Iberia rotation remains controversial [e.g., Jammes et al., 2009; Vissers and Meijer, 2012a] .
In a recent interpretation, the entire rotation of Iberia has been confined to the Aptian period [Gong et al., 2008] , and Vissers and Meijer [2012a] have proposed that a stagnant tectonic stage took place between the end of rotation and the beginning of Alpine collision between Iberia and Europe in the Late Cretaceous. Compression continued during the Tertiary, eventually leading to the formation of the Pyrenean chain. The exact age for the onset of shortening is, however, not clear. Plate-kinematic reconstructions by Rosenbaum et al. [2002] fix the onset of Iberia-Europe convergence right at the end of the Cretaceous Normal Superchron (magnetic anomaly A34, Santonian according to Walker and Geissman [2009] ). On the other hand, different geological studies in the Pyrenees report slightly different ages from the Santonian to the Maastrichtian for the onset of compression [e.g., Beaumont et al., 2000; Garrido-Megías and Ríos-Aragüés, 1972; Muñoz, 1992; Puigdefàbregas and Souquet, 1986] . More recently, Meijer [2012a, 2012b] stress that there is no geological evidence in the Pyrenees for any significant crustal shortening prior to the Campanian.
In this geodynamic scenario, magmatic activity developed at the transition between the Iberian and European domains and is recorded today in the northeast part of the Iberian Peninsula. This magmatism crops out in several zones along the Pyrenees and as isolated intrusions in the northern part of the Catalonian Coastal Ranges. Because of its Cretaceous age and alkaline geochemical affinity, it belongs to the Late Cretaceous Alkaline Igneous Province in the Iberian Peninsula defined by Rock [1982] and it could also be ascribed to the Cretaceous Peri-Atlantic Alkaline Pulse defined by Matton and Jébrak [2009] . The Cretaceous magmatism in northeast Iberia has traditionally been related to the opening of the Bay of Biscay and allied rotation of Iberia [e.g., Montigny et al., 1986; Rock, 1982] and to the period between the end of rotation and the beginning of Iberia-Europe collision [Solé et al., 2003; Vissers and Meijer, 2012a] . It follows that the age of the magmatism potentially gives insights on the discussed geodynamic evolution of the Iberia-Europe plate boundary during the Alpine cycle. Following this approach, Montigny et al. [1986] carried out a wide geochronological study on the Cretaceous magmatism and LP/HT metamorphism in the Pyrenees, concluding that magmatic activity took place between 110 and 85 Ma (Albian and Santonian, respectively, according to the recent geologic timescale by Walker and Geissman [2009] ); despite being the most complete isotopic study carried out to date, it was published more than 20 years ago and used the conventional 40 K/ 40 Ar dating method, yielding results with relatively high uncertainties. Further isotopic dating has only been carried out in the eastern part of the Pyrenees [Golberg et al., 1986; Vitrac-Michard et al., 1977] and in the Catalonian Coastal Ranges [Solé et al., 2003] and yielded rather varying results.
The primary aim of the present study is to better constrain the age of the Cretaceous magmatism in northeast Iberia, in the light of new 40 Ar/ 39 Ar ages. We have dated samples from the Pyrenees and the Catalonian Coastal Ranges, most of which belong to newly studied outcrops. Additionally for certain samples, we have dated both macrocryst and groundmass separates to double check the results. The new ages, together with a careful evaluation of previous data, allow us to present a detailed geochronology for the Cretaceous magmatism in northeast Iberia. This will be used to shed some light on the long-standing debate regarding the geodynamic evolution of the area during the Alpine cycle, including the kinematics of opening of the Bay of Biscay and associated Iberia rotation, as well as the age of onset of Pyrenean shortening.
2. The Cretaceous Magmatism in Northeast Iberia: Geological Context, Characterization, and Previous Dating Results
Pyrenees
The Pyrenees belong to the long Alpine-Himalayan Tertiary collision system and formed in response to convergent motions between Iberia and Eurasia [e.g., Muñoz, 1992; Vergés et al., 2002] . The Pyrenees constitute an E-W trending, bivergent mountain chain divided into several zones (Figure 1 ) [e.g., Choukroune, 1992] . Due to postorogenic erosion and exhumation [Fitzgerald et al., 1999] , the Paleozoic basement crops out in the central area of the chain, in the Pyrenean Axial Zone. To the north of the Axial Zone, mainly Mesozoic uplifted sedimentary basins make up the narrow North Pyrenean Zone. To the south, Mesozoic and Tertiary sediments make up the South Pyrenean Zone. Finally, Tertiary foreland deposits compose the Aquitanian and Ebro basins. The North Pyrenean Fault Zone, roughly parallel to the trend of the Pyrenees and located between the North Pyrenean Zone and the Axial Zone (Figure 1 ), separates the Iberian and European domains Meijer, 2012a, 2012b , and references therein].
Cretaceous magmatism crops out in several zones along the Pyrenees (Figure 1) , namely, the BasqueCantabrian Basin (Bilbao-San Sebastián area in the Western Pyrenees), the North Pyrenean Basins (Pau-Tarbes area and Saint-Gaudens oil drillings), and the Eastern Pyrenees (Corbières-Fitou area, between Narbonne and Perpignan). The magmatism is alkaline in composition Cabanis and Le Fur-Balouet, 1990 , and references therein] and was emplaced into Mesozoic sediments of the North Pyrenean Zone, to the north of the North Pyrenean Fault Zone, thus within the European domain. In the Basque-Cantabrian Basin, the Cretaceous magmatism is widespread and comprises a great variety of rock types including acid and basic volcanic, volcaniclastic, and intrusive rocks; extrusive rocks are the most common and reach more than 1000 m in thickness [e.g., Carracedo-Sánchez et al., 2012] . Toward the east, magmatic occurrences are progressively scarcer, and no extrusive rocks are known in the Eastern Pyrenees, where lamprophyre dikes, small nepheline-syenite stocks, and amphibole gabbros represent the Cretaceous igneous rocks. The magmatism in the Eastern Pyrenees is silica undersaturated, in contrast with its saturated character in the rest of the chain Cabanis and Le Fur-Balouet, 1990] . These variations along the Pyrenees have been interpreted in terms of contrasting geotectonic evolution and differences in melting rate Cabanis and Le Fur-Balouet, 1990 ] of an initially similar, enriched mantle source situated beneath the lithosphere .
In the Basque-Cantabrian Basin, the oldest Cretaceous extrusive rocks are interbedded with sediments of the Early Albian [Fernández-Mendiola and García-Mondéjar, 2003, and references therein] . In the interval from the Late Albian to the Santonian, several extrusive stages are recognized [Castañares and Robles, 2004 [Montigny et al., 1986] . In the North Pyrenean Basins, extrusive rocks are dated at the Albian-Cenomanian boundary in the Pau-Tarbes area [Schoeffler et al., 1964] Ar: Vitrac-Michard et al. [1977] ).
In addition to these outcrops, Mey [1968] reported the occurrence of a small volcaniclastic basin with associated basaltic dikes in the Central Pyrenees, in the Huesca province in the Iberian domain (Figure 1 ). Petrological studies by Galé et al. [2000] and Galé and Arranz [2001] showed the alkaline character of the basaltic lavas. This geochemical affinity may agree with a Cretaceous age, and preliminary
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Sr data [Galé and Arranz, 2001] suggested an age of ca. 119 Ma.
Catalonian Coastal Ranges
The Catalonian Coastal Ranges are a NE-SW trending orogen located in the northeastern Iberian plate, next to the coastline (Figure 1 composed of Paleozoic metasediments and granitoids, whereas the SW zone basically comprises Mesozoic materials; Neogene-Quaternary deposits cover a major proportion of this mountain belt.
In contrast with the Pyrenees, the Cretaceous magmatism in the Catalonian Coastal Ranges is represented only by isolated, alkaline lamprophyres. They intruded into the Paleozoic basement of the northern part of the ranges and cut Late Variscan mafic dykes of subalkaline to transitional affinity and subduction-related signature [Enrique, 2009; Ubide et al., 2010a Ubide et al., , 2011 . The Cretaceous lamprophyres have been found in three zones (Figure 1 ): a western area [Pallí et al., 1993; Velde and Tournon, 1970] , an eastern area on the coast [Enrique, 2009; Losantos et al., 2000 Losantos et al., , 2004 Ubide et al., 2012a , and a central area in between (see section 3.1). Similar to the rocks of the Eastern Pyrenees, these lamprophyres are silica undersaturated [Enrique, 2009; Ubide et al., 2012a] . They share a common, enriched, and asthenospheric mantle source [Ubide et al., 2012b] . The available isotopic ages [Solé et al., 2003] 3. Samples and Methods
Location and Description of the Samples
Three outcrops from the Pyrenees and three outcrops from the Catalonian Coastal Ranges were selected for dating with 40 Ar/ 39 Ar ( Figure 1 ). A total of nine samples were analyzed (Table 1 ; UTM coordinates in the supporting information tables). The Pyrenean samples comprise one sample from the Basque-Cantabrian Basin (SGR-Bt), one sample from the North Pyrenean Basins (AUB-Amp), and two samples from the Central Pyrenees (DEN1-G and DEN2-G) because it is the least accurately dated domain so far [Galé and Arranz, 2001] . No samples were included from the Eastern Pyrenees, as these are the only Cretaceous alkaline rocks in the Pyrenees already dated by the 40 Ar/ 39 Ar method [Golberg et al., 1986; Vitrac-Michard et al., 1977] and most of the studies yield very consistent ages [Golberg et al., 1986; Montigny et al., 1986] . In the Catalonian Ranges, previous data [Solé et al., 2003] are scarcer than in the Pyrenees. Accordingly, a total of five samples (CAL-Amp, CAL-G, LLAG-Amp, LLAG-G, and MSPC-Amp) were analyzed from three different, geographically scattered lamprophyre intrusions that have never been dated before.
Sample SGR-Bt is a biotite separate from a gabbro located in the Basque-Cantabrian Basin near Sangroniz (Bilbao). This gabbro intruded the Albian flysch of the Basque Arc domain [Feuillée and Rat, 1971] . Petrographically (Figure 2a ), it has a medium-to coarse-grained granular holocrystalline texture composed of clinopyroxene, plagioclase, opaque minerals, biotite, apatit,e and secondary phases including calcite, phyllosilicates, and analcime. Sample AUB-Amp is a separate of large amphibole crystals from a monzonite located in the North Pyrenean Basins near L'Aubisqué, south from Pau. This monzonite intruded Albian flysch exposures and can be correlated to the teschenites described previously in this area [e.g., Azambre et al., 1992; Cabanis and Le Fur-Balouet, 1990] . It shows a coarse-grained holocrystalline doleritic texture (Figure 2b ), defined by up to centimeter-sized crystals of feldspars, brown amphibole (kaersutite), which sometimes show green rims, clinopyroxene and opaque minerals with associated biotite; the intergranular spaces are occupied by fine-grained crystals of prehnite, chlorite, analcime and accessory epidote, green amphibole, apatite, acicular feldspars, opaque minerals, and titanite. Samples DEN1-G and DEN2-G are groundmass separates from two basaltic dikes that intrude Devonian metasediments of the Pyrenean Axial Zone in the Central Pyrenees (near Denuy, Huesca) [Galé et al., 2000; Mey, 1968] . These basalts (Figures 2c and 2d) are highly vesicular fine-grained hypocrystalline porphyritic rocks, where the vesicles are filled with calcite. They carry clinopyroxene, spinel and apatite xenocrysts, and spinel peridotite xenoliths. The groundmass contains plagioclase, biotite, opaque minerals, clinopyroxene, minor amounts of altered glass, and accessory apatite.
The Catalonian Coastal Ranges lamprophyres are subvolcanic intrusions emplaced into Paleozoic rocks in the province of Girona. One of the selected lamprophyres is located near Calella de Palafrugell [see Ubide et al., 2010a for a full petrological and geochemical characterization of this intrusion]. The second one is located in Llagostera and is reported here for the first time. Although there is only a few meters of exposure, we could study and sample a less weathered underground section during an excavation in the neighboring plot, undertaken for building purposes. The third intrusion is located in the area between Santa Coloma de Farners and Sant Feliu de Buixalleu, near the Monasterio de Sant Pere Cercada [Pallí et al., 1993] . The three lamprophyres are classified as camptonites and share similar petrographical features (Figures 2e-2g). They are also very similar to some of the lamprophyres dated by Solé et al. [2003] . These rocks are holocrystalline or hypocrystalline, porphyritic due to the presence of millimeter-to centimeter-sized macrocrysts of brown amphibole (kaersutite), clinopyroxene, opaque minerals, and pseudomorphosed olivine. The groundmass is fine grained, especially at the chilled margins of the intrusions where it gets almost aphyric and rich in vesicles. The groundmass is mainly composed of plagioclase, brown amphibole (kaersutite), opaque minerals, acicular apatite, and recrystallized glass (where present). In the lamprophyre from Llagostera, there are evolved patches of groundmass that show K-rich, Ca-poor feldspars and lower volume fractions of mafic minerals. Large amphibole crystals were separated for dating from the three lamprophyres (samples CAL-Amp, LLAG-Amp, and MSPC-Amp). These crystals display homogeneous cores, slightly rounded by magmatic corrosion, and overgrown by subidiomorphic rims (Figures 2e-2g ).
The groundmass of the lamprophyres from Calella de Palafrugell and Llagostera is especially fine grained (Figures 2e and 2f ), and in these cases, groundmass was separated as well for dating experiments (samples CAL-G and LLAG-G).
40 Ar/ 39 Ar Methodology
The selected phases (groundmass, amphibole, or biotite) were separated at the mineral separation laboratory of VU University Amsterdam. Groundmass and amphibole were previously analyzed in order to assure high potassium contents: K 2 O varies from 0.54 to 2.27 wt % in groundmass samples-whole rock analyses-and from 1.21 to 2.07 wt % in amphibole crystals-spot analyses. Alteration zones in bulk samples were removed by sawing, and the remaining materials were crushed and sieved to select the 400-500 μm fractions, which were washed with demineralized water. The [Ubide et al., 2010b] . Finally, the samples were cleaned in an ultrasonic bath with demineralized water. Groundmass and amphibole samples were additionally leached with HF (5%, 10 min) to remove alteration from groundmass and overgrowths from amphibole crystals, and cleaned again.
For irradiation, each sample was wrapped in an 8 mm diameter Al foil package. About 30 mg of sample were used for biotite, ca. 50 mg for amphibole and ca. 60 mg for groundmass. Sample packages and 8-10 mg aliquots of laboratory standard sanidine DRA (25.42 Ma, calibrated following Kuiper et al. [2008] ) wrapped in Cu foil were sealed in a 9 mm diameter ID quartz vial, with one standard package loaded at the top and bottom positions and between every four sample packages. The quartz vial was sealed in a standard Al-irradiation-capsule and irradiated for 20 h in a Cd-lined rotating facility (RODEO) at the NRG-Petten HFR facility in Netherlands. 40 Ar/ 39 Ar analyses were carried out at the geochronology laboratory of VU University Amsterdam. The experiments were undertaken on multigrain samples, ca. 9 months after their irradiation, allowing for the decay of 37 Ar in Ca-rich samples (groundmass and amphibole). The samples were loaded in 6 mm wide, 3 mm deep holes of 60 mm diameter copper discs, with 21 holes per disc (half of the irradiated material was loaded per sample). The standards were loaded in 3 mm wide, 6 mm deep holes of a 185 holes copper disc (two to three grains per hole and seven replicates per standard). The samples and the standards were preheated to ca. 200°C to remove undesirable atmospheric argon. After this preheating step, they were placed in an ultrahigh vacuum extraction line. A CO 2 laser heating system was used for all the experiments; single fusion was applied to the standards and incremental heating to the samples. Positioning of the laser beam was achieved using an analogue Raylease scanhead fitted with a dual mirror system for X-Y adjustment and a ZnS 300 mm focusing lens. The beam delivery system achieved ca. 300 μm at the focal point and for the samples the beam was diffused in the y direction with a 200 Hz frequency triangular current causing a +1 and À1 mm beam deflection. To ensure even heating of all the grains, the beam was applied in circles increasing in diameter for the standards and in a raster pattern for the samples. The gas was analyzed isotopically with a Mass Analyzer Products LTD 215-50 noble gas mass spectrometer. Beam intensities of Ar isotopes were measured in a magnet field controlled peak-jumping mode over the mass range 40-36 on a secondary electron multiplier using switchable amplifier resistors with relative gains of 5 × 10 2 , 5 × 10, and 5 with respect to the Faraday collector (10 11 Ω resistor on the Faraday collector amplifier). For data collection, the mass spectrometer is operated with a modified version of standard MAP software. System blanks were measured every two (biotite) or four (groundmass and amphibole) sample measurements and at the beginning and the end of each step. The total system blanks were in the range of 6 × 10 À2 -9 × 10 À1 volts for mass 40, 5 × 10 À5 -6 × 10 À3 volts for mass 39, Data reduction was performed with the originally in-house-developed ArArCalc2.5 software package [Koppers, 2002] (http://earthref.org/tools/ararcalc/). Each analysis was corrected for mass discrimination; system blanks were negligible compared to sample signals (often better than a factor of per mil). The irradiation parameter J for each sample was determined by interpolation using a second-order polynomial fitting between the individually measured standards. For the decay constants and the abundance of 40 K, the values recommended by the IUGS Subcommission on Geochronology [Steiger and Jäger, 1977] were used.
Results
A summary of 40 Ar/ 39 Ar incremental heating results is presented in Table 1 . Full data tables can be found in the supporting information tables, where the results are reported following recommendations by Renne et al. [2009] . Age spectra, K/Ca spectra, and inverse isochron plots are presented in Figure 3 , with uncertainties quoted at 2σ. Ar incremental heating results, presented in age and K/Ca spectra and inverse isochron plots. In the age and K/Ca spectra, the thickness of the steps reflects the associated uncertainty; the horizontal line represents the plateau. In the inverse isochron diagrams, the dashed line represents the ideal atmosphericradiogenic mixing line, whereas the solid line represents the inverse isochron calculated with the plateau defining steps (black squares); square size includes uncertainty. The preferred crystallization age is marked in bold and graphically with a thicker red line. The age obtained from the last step is included for samples MSPC-Amp, CAL-Amp, and LLAG-Amp (amphibole separate samples from the Catalonian Coastal Ranges).
Tectonics
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Our experiments showed good, consistent results with age calculations that in most cases meet commonly accepted reliability criteria [McDougall and Harrison, 1999] . Several age spectra showed elevated ages in the initial steps which may either point to loosely bound excess 40 Ar (some amphibole separates) or, alternatively, to recoil loss of 39 Ar from fine-grained alteration phases (some groundmass separates) [Koppers et al., 2000; Wijbrans et al., 2007] . The first steps were not considered in the age calculations if they contained abundant atmospheric argon, excess argon, were affected by recoil loss of 39 Ar, or presented large uncertainties. The last steps were not considered in the age calculations if they revealed extraneous (excess or inherited) argon. Always three or more concordant, contiguous, high-temperature steps were selected, representing more than 50% of the 39 Ar released.
If the 40 Ar/ 36 Ar intercept for the trapped argon derived from the isochron treatment of the data was not significantly different from the atmospheric ratio of 295.5, excess argon was ruled out (groundmass separates and sample AUB-Amp) and the preferred age was chosen according to the mean squares of weighted deviates (MSWD) values, which measure the extent to which the scatter of data can be explained by analytical uncertainty. In contrast, if excess argon was detected (biotite and some amphibole separates), the inverse isochron age was preferred over the plateau age [e.g., McDougall and Harrison, 1999] .
Preferred crystallization ages (plateau or inverse isochron ages) are marked in bold in ., 2007] . This effect is shown in the K/Ca plots ( Figure 3 ). The variation in K/Ca is never larger than 1 order of magnitude, highlighting the purity of the separates. Meanwhile, the radiogenic component of the argon in the selected steps ranges from less than 10% to almost 100%. It is generally very high for biotite and amphibole separates and rather low for groundmass separates, although this is not reflected in larger analytical uncertainties in the groundmass experiments.
The detailed interpretation of the age results is in the supporting information appendix. Sample SGR-Bt from the Basque-Cantabrian Basin and AUB-Amp from the North Pyrenean Basins yielded similar Albian ages at 101.4 ± 1.2 and 102.6 ± 0.8 Ma, respectively ( Figure 3 and Table 1 ). In the Central Pyrenees, samples DEN1-G and DEN2-G yielded different ages, neither of them Cretaceous ( Figure 3 and Table 1 ). The age of DEN1-G is 231.8 ± 5.2 Ma (Late Triassic) and that of DEN2-G is 179.7 ± 1.4 Ma (Early Jurassic). Finally, in the Catalonian Coastal Ranges, all the experiments yielded similar Campanian ages at ca. 79 Ma (Figure 3 and Table 1 ). Groundmass and amphibole separates yielded ages indistinguishable from each other within the uncertainty. The preferred crystallization age for each intrusion was 79.0 ± 0.5 Ma for the lamprophyre from Calella de Palafrugell (CAL-Amp sample), 79.2 ± 0.8 Ma for the lamprophyre from Llagostera (LLAG-G sample), and 78.2 ± 0.5 Ma for the lamprophyre from the Monasterio de Sant Pere Cercada (MSPC-Amp sample).
Discussion
The Triassic-Jurassic Rifting in the Central Pyrenees
The age of the basaltic dykes of the Central Pyrenees (samples DEN1-G and DEN2-G) is Late Triassic (ca. 232 Ma; Carnian) and Early Jurassic (ca. 180 Ma; Toarcian), respectively ( [Montigny et al., 1982] .
Our geochronological results reveal for the first time a Triassic-Jurassic phase of alkaline magmatism in the Central Pyrenees. Given the affinity of these rocks, one could think they have a common origin within the alkaline igneous province. The differences in age between our samples (ca. 50 Ma) suggest this phase of magmatism was likely multiepisodic. If related to the alkaline province, the whole province would cover a longer time span than previously thought. This kind of enduring, sporadic, scattered, low volume, and geochemically homogeneous magmatism has recently been documented in the nearby Languedoc volcanic province [Dautria et al., 2010] , where alkali basaltic activity spans from 161 to 0.5 Ma. More data would be necessary to constrain the Triassic-Jurassic alkaline activity in the Pyrenees. [1989] proposed that the tholeiitic and alkaline Triassic magmatic events developed in a context of continental rifting which affected southwestern Europe after the Variscan orogeny, at the beginning of the Alpine cycle. According to these authors, the tholeiitic magmatism represents the greatest effects of rifting and intruded subsiding Triassic basins. More recently, the tholeiitic magmatism has been related to the Central Atlantic Magmatic Province (CAMP) [Rossi et al., 2003] . In contrast, the alkaline magmatism developed at the same time along the boundaries of the subsiding Triassic basins with adjacent blocks and represents off-axis magmatism [Azambre and Fabriès, 1989] . The subsiding basins developed from ca. 240-220 Ma to the Mesozoic and part of the Cenozoic in the Eastern Pyrenees [Azambre and Fabriès, 1989] , and there is also Late Triassic-Early Jurassic subsidence documented in the Catalonian Coastal Ranges Andriessen, 2002, 2006; Solé et al., 1998 ]. Strikingly, the initiation age of the basins coincides with our oldest result at ca. 232 Ma (Table 1) . Therefore, this alkaline magmatism started coevally with the subsidence at the Late Triassic and was also active in the Early Jurassic (ca. 180 Ma, Table 1 ).
Azambre and Fabriès
The Cretaceous Opening of the Bay of Biscay and Rotation of Iberia
The results obtained for the Cretaceous alkaline magmatism in northeast Iberia are clearly arranged in two, very consistent groups (Table 1) This section will be focused on the Pyrenean ages. The most relevant previous study was carried out by Montigny et al. [1986] with rocks from the whole Pyrenean chain. According to these authors, magmatic activity took place between 110 and 85 Ma (Figure 4) , with most data within the interval between 100 and 90 Ma and younger data (ca. 90-85 Ma) restricted to samples from the western part of the belt. These authors report six ages around 110 Ma in the central part of the North Pyrenean Zone that are problematic because they are older than their country rock (Albian-Cenomanian flysch) [Dubois and Seguin, 1978] and also older than genetically related extrusive rocks [Dubois and Seguin, 1978; Schoeffler et al., 1964] (see Figure 4 ). Furthermore, they recognize excess Ar in other minerals analyzed from the same rocks. We will therefore not consider these ages further in the discussion. In the Eastern Pyrenees, consistent data by Golberg et al. [1986] and Montigny et al. [1986] constrain the age of the magmatism to ca. 95-90 Ma (Figure 4) , updating a younger age obtained by Vitrac-Michard et al. [1977] that will not be considered further in the discussion. Regarding the age of the extrusive rocks, they crop out in the Basque-Cantabrian Basin and North Pyrenean Basins and their stratigraphic position agrees with the main magmatic phase at 100-90 Ma and also with the more recent ages in the Basque-Cantabrian Basin [Castañares and Robles, 2004; Dubois and Seguin, 1978; Schoeffler et al., 1964] (Figure 4) . Additionally, an Early Albian extrusive phase is recognized in the Basque-Cantabrian Basin [Fernández-Mendiola and García-Mondéjar, 2003 ].
The evaluation of previous data reveals that the Cretaceous magmatism in the Pyrenees is Albian to Santonian, mostly 105-85 Ma (instead of 110-85 Ma considering the work by Montigny et al. [1986] or 110-82 Ma considering the whole data set; Figure 4 ). The 105-85 Ma range includes most acceptable isotopic and stratigraphic ages and covers the Basque-Cantabrian Basin, the North Pyrenean Basins, and the Eastern Pyrenees. New geochronological data obtained in the present study have uncertainties significantly lower than previous results and agree at ca. 102 Ma (Figure 4 ). According to the integration of new and revisited data, the magmatism must not be considered Albian to Turonian as frequently cited [e.g., Gong et al., 2009; Vissers and Meijer, 2012a] although the magmatic activity concentrated especially in the range ca. 100-90 Ma. Another interesting feature is that the magmatism is very limited in time in the Eastern Pyrenees (95-90 Ma), whereas multiple stages are recognized toward the west with the longest time span recorded in the Basque-Cantabrian Basin ( Figure 4) ; this is in good agreement with the propagation of the V-shaped Bay of Biscay rift. Contemporaneous with the magmatic activity, mantle exhumation, LP/HT metamorphism, and hydrothermal activity are recognized in the North Pyrenean Zone, close to the North Pyrenean Fault Zone [Golberg et al., 1986; Lagabrielle and Bodinier, 2008; Lagabrielle et al., 2010; Montigny et al., 1986; Poujol et al., 2010; Schärer et al., 1999] . In particular, the subcontinental mantle crops out as restricted bodies of ultramafic rocks, crosscut in certain areas by a late generation of amphibole-pyroxenite veins [Lagabrielle and Bodinier, 2008, and references therein] . These veins are considered to represent melt conduits for the Cretaceous alkaline magmatism in the Pyrenees [Golberg et al., 1986; Bodinier et al., 1987] . 40 Ar/ 39 Ar dating of amphibole from the veins provided ages of ca. 103 Ma [Albarède and Michard-Vitrac, 1978] , ca. 101 Ma [Golberg et al., 1986] , and ca. 108-103 Ma [Henry et al., 1998 ], and unpublished results of the VU argon laboratory are also similar. These data are in line with the main magmatic phase at ca. 100-90 Ma and especially with our new ages at ca. 102 Ma, supporting the link between the amphibole veins and the Cretaceous magmas.
The Cretaceous magmatism, metamorphism, hydrothermalism, and mantle exhumation are related to a context of crustal extension and extreme thinning along the North Pyrenean Zone, linked to the opening of the Bay of Biscay and allied rotation of Iberia with respect to Europe [e.g., Jammes et al., 2009; Lagabrielle and Bodinier, 2008; Lagabrielle et al., 2010; Montigny et al., 1986; Poujol et al., 2010] . However, considering that the rotation of Iberia has recently been confined to the Aptian [Gong et al., 2008] (see Figure 4 ), all these events are not simultaneous with the rotation as traditionally considered [e.g., Cabanis and Le Fur-Balouet, 1990; Montigny et al., 1986] , but postrotation. They therefore developed in a tectonically unclear stage in the Iberia motion, after the Aptian rotation and before the onset of the Alpine compression in the Late Cretaceous. The ages of magmatic rocks in the Pyrenees define a time-band between both tectonic events (Figure 4 ).
Regarding the kinematics of opening of the Bay of Biscay and consequent rotation of Iberia, two endmember models have been put forward. Both models achieve a good fit between the shape of the northern The first model is based on the fit of sea-floor magnetic anomalies across the North Atlantic and Bay of Biscay and is supported by paleomagnetic data and plate-kinematic analysis [Sibuet et al., 2004; Srivastava et al., 2000; Vissers and Meijer, 2012a] . It proposes a scissor-type opening for the Bay of Biscay which leads to ca. 35°o f counterclockwise rotation of Iberia. The main drawback of this model is that it implies large-scale convergence in the Pyrenean domain, which in principle is not consistent with the subsequent development of flysch-filled basins, magmatism, metamorphism, hydrothermalism, and mantle exhumation in the North Pyrenean Zone. Vissers and Meijer [2012a] solve some of these objections by proposing a scissor-type opening model in which the convergence in the Pyrenean realm was accommodated by up to 300 km of north-directed subduction underneath the European margin. According to this work, the lithosphere subducted during the Aptian rotation became gravitationally unstable during the subsequent stagnant stage and detached in the Albian, leading to asthenospheric upwelling and consequent magmatism, metamorphism, and extension in the overlying European margin now exposed in the North Pyrenean Zone [Vissers and Meijer, 2012a] . These authors relate the lack of evidence for subduction in the Pyrenees to the fact that the subducted crust was amagmatic, mantle-dominated ocean floor exhumed under conditions of ultraslow spreading during the Late Jurassic and Early Cretaceous. In this model, sedimentary basins and magmatism are triggered by asthenospheric upwelling, implying an "active rifting" scenario [e.g., Wilson, 1989] .
A second end-member model is based on geological evidence for extension in Pyrenean basins and proposes a dominantly left-lateral strike-slip motion between Iberia and Europe, with Iberia moving in a southeasterly direction along the North Pyrenean Fault Zone [Choukroune, 1992; Oliva-Urcia et al., 2011; Olivet, 1996] . This model, however, is not consistent with sea-floor reconstructions and implies significantly less than the ca. 35°counterclockwise rotation documented by paleomagnetism [Gong et al., 2008] . In this model, the transtensional setting leads to crustal thinning that triggers the magmatism in a "passive rifting" scenario [e.g., Wilson, 1989] .
A third, alternative kinematic model has been recently proposed by Jammes et al. [2009 Jammes et al. [ , 2010 based on field data in the western Pyrenees together with previous observations and numerical modeling. This model proposes a scissor-type opening for the Bay of Biscay with an inferred pole of rotation located in the Mediterranean Sea, preceded by a left-lateral strike-slip motion between Iberia and Europe during the Late Jurassic to Early Cretaceous. The main advantage of this model is that the rotation pole in the Mediterranean sea produces scissor-type opening in the Bay of Biscay as well as in the Pyrenean domain, explaining extension in the North Pyrenean Zone and the formation of the Cretaceous basins. However, as in the strikeslip opening case, the model is not consistent with sea-floor reconstructions and implies significantly less than the ca. 35°counterclockwise rotation documented by paleomagnetism [Gong et al., 2008; see Vissers and Meijer, 2012a] . In this case, the purely extensional setting in the North Pyrenean Zone favored crustal thinning and magmatism in a "passive rifting" scenario [e.g., Wilson, 1989] .
Given that the Cretaceous alkaline magmatism follows the rotation and separation of Iberia from Europe (Figure 4) , the temporal, geographical and petrological distribution of the igneous rocks may shed some light on the long-standing debate regarding the kinematics of opening of the Bay of Biscay. The chronological distribution of the magmatism reveals slight differences along the Pyrenees, with more magmatic stages and a more enduring magmatic activity toward the west (Figure 4) . Furthermore, the magmatism is widespread and mainly extrusive in the west (Basque-Cantabrian Basin) but becomes progressively scarcer and more intrusive toward the east, with no extrusive rocks cropping out in the Eastern Pyrenees; this could also be related to a deeper erosion level for the eastern sector. Finally, the nature of the magmatism is different, with silica undersaturated rocks to the east, related to a lower melting rate of the mantle source [e.g., Cabanis and Le Fur-Balouet, 1990] . These lines of evidence suggest that extension was more developed and long-lasting toward the west. Such a tectonic variability along the Pyrenees appears to support a scissor-type opening model for the Bay of Biscay.
The magmatism studied is associated to a continental rift setting. Hence, the mechanism of initiation of rifting can also be evaluated to test the kinematics of opening for the Bay of Biscay. Although "active rifting" versus "passive rifting" are extreme mechanisms and too simplistic to be applied straightforwardly to the interpretation of rift systems, several lines of evidence point to a "passive rifting" scenario, namely, (i) the magmatism is simultaneous or postdates the Albian-Cenomanian flysch sequences filling the North Pyrenean Basins (Figure 4 ), (ii) the volume of magmatism is relatively small and major focus of volcanism is restricted to the Basque-Cantabrian Basin, and (iii) there are no subalkaline or transitional flood basalts that would point to a thermal anomaly within the upper mantle. Furthermore, in the review on rift evolution by Ziegler and Cloetingh [2004] , mantle upwelling is considered a consequence of lithospheric extension and not the main driving force of rifting.
To sum up, the varying geochronological, petrological, and compositional characteristics of the magmatisms along the belt support a scissor-type opening model and the relative timing of extension and magmatism reveal a "passive rifting" scenario, supporting the model by Jammes et al. [2009 Jammes et al. [ , 2010 . Plate-kinematic results, however, disagree with this reconstruction [Vissers and Meijer, 2012a] . It is clear that more data are necessary to develop a consensus model for the kinematic evolution of Iberia, as suggested recently by Neres et al. [2013] .
The Onset of the Alpine Compression in the Late Cretaceous
Samples from the Catalonian Coastal Ranges yield the youngest ages, constraining the magmatic activity in this setting to the Campanian, at ca. 79 Ma (Figure 4 and Table 1 ). This datum is very well defined as macrocryst and groundmass separates yield consistent ages in all the studied intrusions (see section 4). The previous geochronological study by Solé et al. [2003] provided three ages, including an especially young one (ca. 69 Ma) which is not supported by our data and as noted by those authors, must be considered a minimum estimate.
The Cretaceous magmatism in the Catalonian Coastal Ranges is the only located in the Iberian domain, to the south of the North Pyrenean Fault Zone, and is significantly younger than the ca. 95-90 Ma age of the igneous rocks from the Eastern Pyrenees (Figure 4) . Strikingly, its age at ca. 79 Ma coincides with the age of magnetic anomaly 33o [e.g., Gee and Kent, 2007; Walker and Geissman, 2009] (Figure 4) . Solé et al. [2003] stated that these magmas were emplaced in zones of crustal relaxation and/or thinning in the relatively stable tectonic transition between the rotation of the Iberian Peninsula and the Alpine collision with respect to Europe. It is however unclear when exactly Alpine compression commenced.
The change to a transpressional regime is well recorded in the Pyrenean geology by inversion of previous extensional faults and deposition of growth sequences in the south-central Pyrenees [Beaumont et al., 2000; Choukroune, 1992; García-Senz, 2002; Garrido-Megías and Ríos-Aragüés, 1972; López, 2013; McClay et al., 2004; Muñoz, 1992; Puigdefàbregas and Souquet, 1986] . However, these authors report slightly different ages from the Santonian to the Maastrichtian for the onset of compression. Recent studies to the north of the Pyrenees suggest that the first synorogenic deposits are Early Campanian [e.g., Lavenu et al., 2013; Leleu et al., 2009] . According to plate-kinematic reconstructions based on the fit of sea-floor magnetic anomalies, Rosenbaum et al. [2002] concluded that the relative motion of Iberia and Europe changed to convergence at anomaly A34 (85 Ma, Santonian, according to the timescale by Walker and Geissman [2009] ; Figure 4) . The recent kinematic studies by Meijer [2012a, 2012b] emphasized that there is no geological evidence in the Pyrenees for any significant crustal shortening prior to the Campanian. Vissers and Meijer [2012b] proposed that the onset of collision was coeval with the latest stages of spreading in the Bay of Biscay, which involved first extension then shortening in the Pyrenean domain with a sinistral strike-slip component. Specifically, strike-slip shortening started at anomaly 33o.
Our geochronological results consistently point to a magmatic event at 79 Ma (Figure 4 ). This is inconsistent with Alpine shortening starting before that time. Indeed, the timing of the magmatism coincides exactly with the abovementioned change of tectonic regime in the Pyrenean domain, from strike-slip extension to strike-slip shortening, at anomaly 33o [Vissers and Meijer, 2012b] . Moreover, detrital thermochronometry of foreland basin sediments gives insights on the early stage of orogenic development [e.g., Filleaudeau et al., 2012] , and recent studies in the south-central Pyrenees identify a first exhumation signal at ca. 78 Ma [Whitchurch et al., 2011] and ca. 80 Ma [Filleaudeau et al., 2012] , well in line with the age of the magmatism as well.
Lamprophyre intrusions are commonly associated to strike-slip shear zones [Pirajno, 2010, and references therein] . Scarrow et al. [2006, 2011] proposed that lamprophyres potentially act as tectonomagmatic markers of changes in geodynamic conditions. These authors studied Permian alkaline lamprophyres in the Central Iberian Zone, emplaced in a transpressional to transtensional tectonic regime during the transition between the Variscan and the Alpine cycles. Gil-Imaz et al. [2012] showed the relationship between Permian lamprophyre emplacement and change in stress regime from transpression to transtension in the Pyrenees. Also, the emplacement of the Cretaceous alkaline lamprophyres from the Western Iberian Margin has been recently linked to the onset of Alpine convergence between the African and Iberian plates [Miranda et al., 2009] .
In the Catalonian Coastal Ranges, lamprophyre intrusions at ca. 79 Ma (Campanian, anomaly 33o) appear to correlate with the change between strike-slip extension and strike-slip shortening. Since Alpine compression started at the Iberia-Europe plate boundary and was propagated into the plate interiors afterward, the age of the magmatism in the Catalonian Coastal Ranges could be subsequent to the onset of compression at the plate margin. However, tectonic inversion in the Catalonian Coastal Ranges is considered Late Cretaceous as well Andriessen, 2002, 2006] and the magmatism is located in the Paleozoic basement at the northernmost tip of the Ranges (see Figure 1) , so probably within the Pyrenean realm during Late Cretaceous times. Moreover, the Pyrenean orogen developed diachronously from east to west [Whitchurch et al., 2011, and references therein] and values for the total shortening across the belt tend to increase toward the east [e.g., Vergés et al., 2002] , consistently with a small component of counterclockwise rotation of Iberia during convergence [Vissers and Meijer, 2012b] . These data lend further support to considering the lamprophyres from the Catalonian Coastal Ranges as indicators of tectonic change to Alpine strike-slip shortening in northeasternmost Iberia. 
Conclusions
